Background {#S1}
==========

Targeting protein-protein interactions for a therapeutic purpose is an attractive idea that has proved to be extremely challenging in practice. This is due to the large and flat landscape of most contact surfaces that make them less amenable to intervention by a small molecule[@R1]-[@R4]. However, in recent years a growing body of evidence has demonstrated that small molecules can disrupt such large and complex protein interactions by binding to interface "hotspots" with drug-like potencies[@R5]. Examples include interactions involving cytokine interleukin-2 (IL-2), with the IL-2 receptor α-chain (IL-2Rα); B-cell lymphoma protein (Bcl-X~L~), with pro-apoptotic molecule Bcl-2 antagonist of cell death (BAK); the oncogene human protein double minute 2 (HDM2), with tumor-suppressor protein p53; and the human papilloma virus transcription factor E2 complex with viral helicase E1[@R5]. Notably, an inhibitor of Bcl-X~L~ /BAK interaction has entered phase I/II clinical trials[@R6]. In this study we have identified the first of such small molecule protein interaction inhibitors for the family of herpesvirus proteases.

Herpesviruses make up one of the most prevalent viral families including eight human types that cause a variety of devastating illnesses including mononucleosis (Epstein-Barr virus, EBV), shingles (varicella zoster virus, VZV), genital herpes (herpes simplex virus, HSV), retinitis (cytomegalovirus, CMV), and cancer (Kaposi's sarcoma-associated herpesvirus, KSHV)[@R7]. The standard course of treatment for common herpesviral infections, a class of broad-acting viral DNA replication inhibitors such as ganciclovir and foscarnet, though widely used, exhibit undesirable toxicity, poor oral bioavailability, and in some cases inadequate efficacy[@R8]. With the incidents of drug resistance also on the rise and no other specific antivirals available, there is a need for the identification of new human herpesvirus (HHV) therapeutic targets.

All herpesviruses express a structurally and functionally conserved dimeric serine protease that plays an essential role in capsid assembly during the lytic stage[@R9]-[@R13]. Efforts by pharmaceutical companies to specifically target the active site of human cytomegalovirus protease with small molecule inhibitors has lead to either covalent inhibitors or molecules with non-ideal pharmacological properties[@R8],[@R14]-[@R18]. In light of evidence supporting a strong linkage between the dimer interface and the protease active site, we have focused our efforts on the dimer interface for identifying novel allosteric inhibitors.

Although HHV proteases are initially expressed as a monomer, studies with recombinant protease have demonstrated the dimerization dependence of enzyme activity[@R19]-[@R26]. An array of structural studies has suggested a model where protease dimerization induces folding of both the interfacial and the C-terminal α-helices, which positions the oxyanion loop within the active site and activates the enzyme[@R19],[@R23],[@R27],[@R28]. Interestingly, the non-cannonical Ser-His-His catalytic triad of each monomer is located 15Å away from the dimer interface and acts independently ([Fig. 1a](#F1){ref-type="fig"})[@R25],[@R29]-[@R34]. Considering the extensive mechanistic knowledge of the human Kaposi's sarcoma-associated herpesvirus protease (KSHV Pr), we chose it as a candidate for the development of dimerization inhibitors for modulating the function of this enzyme family.

The KSHV Pr dimer interface covers approximately 2500 Å^2^, and includes the α-helix 5 of each monomer as the major constituent ([Fig. 1a](#F1){ref-type="fig"})[@R25]. Mutagenesis studies with KSHV and other HHV proteases have shown that the dimer interface is very sensitive to genetic perturbation where a single point mutation leads to loss of dimerization and enzyme activity[@R19],[@R24]. Importantly, this dimerization affinity is weak with a reported *in vitro* K~D~ of 1.7 μM for KSHV Pr[@R24],[@R35]. Hence, the protease is thought to be regulated by concentration-driven zymogen activation, where initially it exists as an inactive monomer in the host cytosol, but achieves dimerization and activation upon reaching a high local concentration inside the pre-capsid. These observed characteristics define the dimer interface as a critical allosteric regulatory site and a potential candidate for inhibition by small molecule dimer disruptors.

Recently we reported evidence for sterically disrupting the dimer interface of a herpesvirus protease[@R36]. Avian pancreatic polypeptide, aPP, a 30-amino acid peptide containing an internally stabilized α-helix, is used as a scaffold to design a KSHV Pr α-helix 5 mimetic. The resulting peptide fully disrupts KSHV Pr dimerization and inhibits activity, demonstrating that in addition to the active site, the protease dimer interface is a potential target for the development of small molecule inhibitors.

In this study we report a small molecule inhibitor of KSHV Pr dimerization. Inhibitors of KSHV Pr activity were obtained by screening a helical mimetic compound library. The top hits were subsequently assayed for dimer disruption and characterized for mode of binding. Our data supports a mechanism of inhibition where inhibitor binding to critical interfacial residues on the protease monomer prevents dimerization. These studies illustrate that the dimer interface of HHV proteases is amenable to targeting by small molecule inhibitors.

Results {#S2}
=======

Identification of inhibitors by high throughput screening {#S3}
---------------------------------------------------------

Given that two α-helices are a major component of the KSHV Pr dimer interface, we screened a library of small molecule helical mimetics. This library of 182 compounds was originally developed by computational design to disrupt the interacting α-helix of p53 tumor suppressor protein with oncoprotein MDM2[@R37]. Our experimental design was based on the knowledge that interactions in both complexes are dominated by an α-helical motif.

Screening was performed in a 96-well plate format using a fluorogenic activity assay. The substrate used is an optimized peptide sequence attached to 7-amino-4-carbamoylmethyl coumarin (ACC), where cleavage at the scissile bond releases the ACC group resulting in increased fluorescence[@R38],[@R39]. We identified six molecules that inhibited KSHV Pr activity by at least 50%, the most potent compound being DD1, (**1**), with an IC~50~ of 8.8 ± 0.3 μM ([Fig. 1b](#F1){ref-type="fig"} and [Supplementary Table 1](#SD2){ref-type="supplementary-material"} online). DD1 was not found to inhibit the interaction of p53-MDM2, suggesting these proteomimetic molecules can potentially discriminate between different intermolecular interactions involving an α-helix[@R37]. A series of DD1 analogs was designed to explore modifications around the 4-benzoylamino-benzoic acid scaffold using previously reported synthetic methods ([Supplementary Scheme 1](#SD2){ref-type="supplementary-material"} online)[@R37].

Further screening of eight DD1 structural analogues yielded additional hits, the most potent being (**2**) with an IC~50~ of 3.1 ± 0.2 μM, and (**3**) with an IC~50~ of 16.4 ± 0.7 μM ([Fig. 1b](#F1){ref-type="fig"} and [Supplementary Table 1](#SD2){ref-type="supplementary-material"} online). The improved IC~50~ of the top inhibitor, DD2, (**2**) is possibly due to the hydrogen bonding capabilities of the added pyridine nitrogen to residues on the protease. Additionally, the structure-activity relationship (SAR) for this series indicated that correct positioning of the cyclohexylmethyl side chain is critical, where substitution from its original *meta* position to either the *para* (**4**) or the *ortho* (**5**) positions diminished inhibition ([Fig. 1b](#F1){ref-type="fig"} and [Supplementary Table 1](#SD2){ref-type="supplementary-material"} online). This effect is consistent with the original design rationale of the helical mimetic molecules, where the spatial and angular arrangement of the side chains on the scaffold were fixed to mimic the *i* and *i+4* residues of an α-helix. It is also in agreement with a specific mechanism of inhibition whereby the cyclohexylmethyl side chain makes critical hydrophobic interactions with KSHV Pr residues.

Compounds were tested for non-specific aggregation by assessing their behavior in the presence of a non-ionic detergent[@R40]. KSHV Pr was substituted with an unrelated serine protease Granzyme B, which unlike KSHV Pr, tolerates detergents in assays for biochemical activity. In a spectrophotometric activity assay monitoring Granzyme B activity, DD2 failed to show evidence of inhibition in the presence or absence of detergent, while a known aggregator, hexachlorophene, inhibited Granzyme B activity only in the absence of detergent ([Supplementary Fig. 1](#SD2){ref-type="supplementary-material"} online). DD2 also did not show evidence of particle formation when analyzed by dynamic light scattering. Collectively, this data suggests that DD2 acts by a specific mechanism to inhibit KSHV Pr activity.

Helical mimetic inhibitors disrupt protease dimerization {#S4}
--------------------------------------------------------

To assess the dimerization state of KSHV Pr in the presence of DD2, we took two complementary approaches. The first approach used a size exclusion chromatography assay where the dimeric and monomeric protease populations are monitored by their distinct elution profiles[@R24],[@R28]. At a concentration of 5 μM, KSHV Pr eluted as two separate peaks corresponding to the dimeric and monomeric species, respectively ([Fig. 2a](#F2){ref-type="fig"}). As expected for a sample concentration above the recorded K~D~ of 1.7 μM, a larger fraction of the protease appeared in the dimer peak. However, when pre-incubated with 30 μM DD2, KSHV Pr eluted predominantly as a monomer ([Fig. 2a](#F2){ref-type="fig"}). The enrichment of monomeric KSHV Pr strongly suggests that DD2 acts as a dimer disruptor.

As an alternate approach to evaluating protease dimerization, we performed 2-D nuclear magnetic resonance (NMR) assays using selectively isotope-labeled KSHV Pr[@R28]. In this experiment, methionine, which occurs in the sequence only at the N-terminus (Met1) and at the dimer interface (Met197) was used as a probe to evaluate monomer-dimer transitions ([Fig. 1a](#F1){ref-type="fig"}). Heteronuclear single quantum coherence (HSQC) spectra of selectively labeled ^13^C-Met KSHV Pr exhibits resonances corresponding to the methyl group of Met1 as well as Met197 in both the monomeric and dimeric conformations ([Fig. 2c](#F2){ref-type="fig"}). Overlaid spectra of the titration data reveal that increasing DD2 concentrations induces a chemical shift perturbation and increase in the peak volume of the Met197-monomer resonance. Concomitantly, we observed a decrease in the peak volume of the M197-dimer peak, which broadens beyond detection at 1 molar equivalence inhibitor (24 μM). Inhibitor concentrations up to 2 molar equivalence resulted in no additional change. The Met1 resonance remained unchanged throughout the titrations and served as an internal control. The data further confirms that DD2 disrupts the protease dimer and highlights changes in the local conformational environment of the interfacial Met197. DD1 produced similar results in both the size exclusion chromatography as well as the HSQC experiments (data not shown). These results are consistent with a model of helical mimetic inhibitors of KSHV Pr activity acting via a mechanism of dimer disruption.

DD2 shows characteristics of mixed inhibition {#S5}
---------------------------------------------

The activation mechanism of KSHV Pr involves a series of allosteric conformational changes that link the dimer interface to positioning of the oxyanion loop in the active site 15Å away. Binding of a covalent and irreversible peptide phosphonate inhibitor to the KSHV Pr active site promotes enzyme dimerization, illustrating communication between the two sites[@R28]. In such a complex system, an inhibitor acting as a dimer disruptor is expected to show properties of mixed-type inhibition, with a characteristic change in both K~M~ for substrate and maximum reaction velocity, V~max~. We performed kinetic assays to measure the Michaelis-Menten constants for substrate in the presence of increasing concentrations of DD2, and plotted the initial reaction velocities as a function of substrate concentration in Lineweaver--Burk format ([Fig. 3a](#F3){ref-type="fig"}). A 1 -10 μM concentration range of DD2, caused a 2.5 fold increase in K~M~ and a 3 fold decrease in V~max~ ([Supplementary Table 2](#SD2){ref-type="supplementary-material"} online). This effect on both the K~M~ and the V~max~ is conceivable since dimer dissociation dismantles the structural framework responsible for forming the KSHV Pr active site. Based on this data, DD2 is a dimer disruptor that acts as a mixed-type inhibitor by preventing the formation of a conformationally stable active site.

DD2 is weaker against a tighter- K~D~ KSHV Pr variant {#S6}
-----------------------------------------------------

In order to verify that DD2 acts at the dimer interface, we tested its inhibitory activity against a KSHV Pr variant with a lower K~D~. Previously we showed that replacing the interfacial Met197 with a leucine results in approximately 4 fold improvement in binding affinity between KSHV Pr monomers (K~D~ = 0.4 μM)[@R36]. In a comparative activity assay with wild-type and M197L KSHV Pr, DD2 exhibited IC~50~ values of 2.6 ± 0.4 μM and 7.3 ± 0.8 μM, respectively ([Fig. 3b](#F3){ref-type="fig"}). Size exclusion chromatography studies with KSHV Pr M197L confirmed that DD2 still acts by dimer dissociation but less efficiently ([Supplementary Fig. 2](#SD2){ref-type="supplementary-material"} online). The observation that DD2 was proportionally less active against a tighter-binding dimer interface, suggests that both DD2 and a KSHV Pr monomer are competing for overlapping binding sites on a second KSHV Pr monomer. We observed similar properties in previous studies with a peptidic α-helix 5 mimetic that disrupts the KSHV Pr dimer[@R36]. Consistent with earlier experimetns, the finely tuned potency of DD2 and the varied slopes of the IC~50~ curves suggest an inhibitory mechanism that is not aggregation-based, where minute alterations are not expected to alter the overall kinetics of inhibition. The fact that DD2 remained active against the M197L variant also shows that Met197 is not a critical residue for inhibitor binding. We conclude that DD2 is a specific inhibitor of KSHV Pr that disrupts protease dimerization by binding to interfacial residues on the KSHV monomer, excluding Met197.

Residues interacting with DD2 map to the dimer interface {#S7}
--------------------------------------------------------

To obtain a higher resolution map of the DD2 binding site on KSHV Pr we utilized the technique of chemical shift perturbation mapping. Importantly, NMR was our method of choice as the partially disordered state of KSHV protease presents a challenge for crystallographic studies[@R41]. In the absence of significant conformational perturbations, this method detects changes in the electronic environment of protein backbone amides that occur as a consequence of small molecule binding, and translates them into altered chemical shifts on a ^1^H-^15^N-HSQC spectrum. For this experiment we used an obligate monomer variant of KSHV Pr, M197D, for which over 90% of the backbone chemical shifts are assigned[@R27]. Based on data showing that DD2 remained active against KSHV Pr M197L, we hypothesized that the M197D point mutation would cause little interference with inhibitor binding. The overlaid ^1^H-^15^N-HSQC spectra of KSHV Pr M197D in the absence and presence of \~1 molar equivalence (170 μM) DD2 displayed extensive conformational peak broadening in the backbone amides of interface residues ([Fig. 4a](#F4){ref-type="fig"} and [Supplementary Fig. 3](#SD2){ref-type="supplementary-material"} online). The observed peak-broadening phenomenon is due to conformational exchange on an intermediate NMR time scale. The chemical shift of residues in the saturated bound state cannot be observed because the solubility limit of DD2 does not allow for collecting spectra with a 5-10 fold excess of inhibitor concentrations under the current experimental conditions.

When mapped to the monomeric unit of the KSHV Pr crystal structure[@R39], the most significantly perturbed residues were clustered at the dimer interface, where both the resident α-helix 5 and the α-helix 5 of the second monomer form key interactions ([Fig. 4b](#F4){ref-type="fig"}). Importantly, the protease active site residues, Ser114, His46, His134, and Arg143, did not participate in inhibitor binding. The peak broadening of active site residue Arg142 that was observed at saturating DD2 concentrations is likely attributed to allosteric conformational effects propagating from the primary binding site. Notably, the Trp109 indole side chain NH signal exhibited the greatest conformational peak broadening, with over 90% loss of peak intensity in the presence of 1 molar equivalence DD2 ([Fig. 4b](#F4){ref-type="fig"}). A similar high response was observed with concentrations as low as 0.1 molar equivalence DD2 ([Supplementary Fig. 4](#SD2){ref-type="supplementary-material"} online). Trp109 resides in close proximity to the resident α-helix 5 and engages in key intermolecular interactions across the dimer interface ([Fig. 1a](#F1){ref-type="fig"}). The titration data with KSHV Pr M197D also provides conclusive evidence that DD2 binds to a monomeric unit of KSHV Pr. We hypothesize that DD2 inhibits KSHV Pr by strongly associating with Trp109 and other interface residues on the monomer, thus preventing dimerization.

A point mutation on Trp109 disrupts KSHV Pr dimerization {#S8}
--------------------------------------------------------

The results of the ^1^H-^15^N-HSQC titration experiments demonstrate that Trp109 plays a critical role in KSHV Pr dimerization. To test this hypothesis, we monitored protease activity and dimerization on a variant with an alanine substitution of Trp109. KSHV Pr W109A was completely inactive when tested at concentrations up to 30 μM, and eluted as a monomer by size exclusion chromatography ([Fig. 2b](#F2){ref-type="fig"}). This data suggests that Trp109 participates in essential dimer-promoting interactions, which are disrupted upon DD2 binding.

DD2 inhibits the activity of a related herpesvirus protease {#S9}
-----------------------------------------------------------

All known HHV proteases are structurally and functionally conserved. Therefore it is conceivable to identify a broad-acting inhibitor against this family of enzymes. To examine this notion, we tested DD2 for inhibition of human cytomegalovirus protease (CMV Pr) using the KSHV Pr fluorogenic assay discussed previously. DD2 showed activity inhibition with an IC~50~ of 5.0 ± 0.5 μM ([Supplementary Table 1](#SD2){ref-type="supplementary-material"} online). We conclude that while DD2 is an inhibitor of KSHV Pr, it is also active against the related CMV Pr.

Discussion {#S10}
==========

Proteases are attractive drug targets, but conventional approaches aimed at the active site can be challenging due to structural similarities in the substrate-binding pockets of related family members. We have reported a small molecule inhibitor of the herpesvirus protease family that acts at a novel allosteric site by a mechanism of dimer dissociation. Additional work is needed to improve the drug-like properties of these compounds, but they have been instrumental in revealing this regulatory binding site. To our knowledge DD2 is the first small molecule inhibitor of a herpesvirus protease to not only act outside the active site, but also select for the partially unfolded zymogen. This illustrates how the inherent conformational dynamics of proteins that are critical to their function also offer opportunity for allosteric regulation.

A dimerization driven disorder-to-order conformational switch regulates the activity of KSHV Pr. The two α-helices at the dimer interface became our rationale for screening a helical mimetic library for inhibitors. We optimized our initial hit, DD1, to produce our top inhibitor, DD2, with an IC~50~ of 3.1 ± 0.2 μM. Using a combination of gel filtration chromatography, 2D NMR spectroscopy, mutagenesis, and kinetic methods we demonstrated that DD2 acts at the interface, to inhibit protease dimerization, and in turn prevent formation of the active site.

Trp109 is a critical residue in the formation of the dimer, as well as its dissociation by DD2. A survey of the dimeric KSHV Pr X-ray crystal structure placed Trp109 behind the resident α-helix 5 with its indole ring extended towards the hydrophobic side chains of Met197 and Ile201 on the second interfacial α-helix 5 ([Fig. 1a](#F1){ref-type="fig"}). Therefore, we hypothesize that DD2 disrupts protease dimerization by associating with interface residues, including Trp109, and interrupting critical dimer-stabilizing interactions. Interestingly, Met197 and Ile201 assume the *i* and *i+4* positions on α-helix 5. In following with the design of the helical mimetic compounds, we speculate the hydrophobic side chains on DD2 mimic these residues and interact with Trp109 in a similar fashion. A homologous binding pocket does not exist in the p53-MDM2 interface, which could explain why this subset of helical mimetic compounds failed to inhibit that interaction[@R42].

Based on these studies we propose a "monomer trap" model of inhibition by DD2 ([Fig. 5](#F5){ref-type="fig"}). In the absence of inhibitor, inactive KSHV Pr monomer is in equilibrium with active dimer with a weak K~D~ of 1.2 μM. DD2 competes with this process and binds to one of the pre-existing zymogen conformations, thus interfering with interactions critical for dimerization and trapping the monomer in an inactive partially disordered state.

An intriguing possibility is a broad-acting inhibitor that targets the protease dimer interface in all eight known HHVs in the alpha, beta, and gamma sub-families. While in all cases the protease is structurally and functionally conserved, the highest amino acid identity observed across sub-families is at 37% between (γ) KSHV Pr and (β) CMV Pr. In our initial studies with CMV Pr, DD2 showed inhibitory activity with an IC~50~ of 5.0 ± 0.5 μM. Close analysis of the CMV Pr structure reveals interface residues engaged in similar hydrophobic interactions involving an aromatic residue. In this case Leu222, Val226, and Tyr128 of CMV Pr are homologous to Met197, Ile201, and Trp109 in KSHV Pr[@R33],[@R43]. The more distant relative (α) VZV Pr, with 30% KSHV Pr identity, also reveals a similar interaction with Leu203, Val207, and Tyr115, while the closest relative (γ) EBV Pr, with 44% KSHV Pr identity, virtually replicates the interaction with Ile202, Ile206, and Trp111. We hypothesize that DD2 inhibits both KSHV Pr and CMV Pr by the same mechanism, and suggest that this allosteric site could be targeted across all HHV protease sub-families to develop a novel and broad-spectrum drug.

From a drug-design viewpoint, drugs targeted to a protein-protein interaction as opposed to an enzyme active site could be less prone to drug resistant mutations. This is because acquiring a drug-resistant point mutation, unaccompanied by the right compensatory mutations, is less likely to be tolerated by a complex protein-protein interface. This adaptability is highly dependant on the natural prevalence of amino acid variation across protease residues. For the extensively catalogued Human Immunodeficiency Virus Type 1 (HIV-1) protease the rate of natural variation at its β-sheet dimer interface is highly uncommon[@R44]. Furthermore, given the past challenges of developing therapies aimed at the active site of HHV proteases, our findings introduce a new approach to this previously validated target. In terms of drug accessibility, targeting the inactive protease monomer is especially attractive for HHVs. While the active dimer acts on capsid formation in the host nucleus, the inactive monomer, which exhibits a high *in vitro* K~D~, is believed to exist in the host cytosol as a mechanism for concentration-dependant zymogen activation[@R24],[@R35].

By identifying allosteric regulatory sites in KSHV Pr we have gained a better understanding of its structure and discovered additional avenues for inhibition. In other enzyme targets such as caspase-3 and caspase-7, the disulfide trapping approach was used to identify allosteric ligands that bind to the intact dimer interface and trap the enzymes in their zymogen conformation[@R45],[@R46]. Similarly, in the case of HIV-1 protease, crosslinked interface peptides and derivatives were developed that bind to the antiparallel β-sheet interface, sterically inhibiting dimerization and thereby formation of the neighboring active site[@R47],[@R48]. We have identified a novel inhibitor of HHV proteases that acts by combining both mechanisms. This approach can potentially be used for developing novel inhibitors for HHV proteases as well as other systems involving a similar protein-protein interaction motif.

Methods {#S11}
=======

Protein Expression and Purification {#S12}
-----------------------------------

Wild-type and M197L KSHV Pr were prepared as described previously[@R35],[@R49]. All protease constructs carry the S204G mutation, which prevents autolysis while maintaining other proteolytic functions. The W109A construct was created with the QuikChange® Multi Site-Directed Mutagenesis Kit (Stratagene). KSHV Pr wild-type (S204G) construct was used as the parent template for mutagenesis using primer: 5'-ggagatactccacacggcgctcccggggctgtc-3' (Integrated DNA Technologies, Inc.). Protein expression and purification was carried out following the same protocol as that of wild-type protease. CMV Pr protease was expressed following a previously described protocol[@R50]. All kinetic assays were performed using KSHV Pr assays and reagents.

Selectively ^13^C-methionine labeled wild-type KSHV Pr and uniformly ^15^N-labeled monomeric KSHV Pr M197D was expressed in M9 minimal media and purified as previously described[@R27]. In the former, 250 mg ^13^C-labeled methionine (Cambridge Isotope Laboratories) was added to 1 L minimal media 1 hour prior to IPTG induction. Final sample concentrations were quantified by measuring UV absorbance at 280 nm using a predicted extinction coefficient of 23950 M^-1^ cm-1 (<http://ca.expasy.org/tools/protparam.html>).

Kinetic Assays {#S13}
--------------

### Helical mimetic screen {#S14}

Protease was diluted to a final concentration of 2 μM in assay buffer (25 mM potassium phosphate pH 8, 150 mM KCl, 0.1 mM EDTA, and 1mM DTT) and 198 μl was dispensed in each well of a black round-bottom 96-well plate (Corning). 1 μl of compound, provided as 2 mM DMSO stocks, was transferred to each well for a final compound concentration of 10 μM. Following a 30-minute incubation at 30°C, enzyme activity was initiated by adding 1 μl fluorogenic hexapeptide substrate to a final concentration of 160 μM. The substrate (also referred to as P6) 7-amino-4-carbamoylmethyl coumarin (ACC) coupled to Ac-Pro-Val-Tyr-tert-butylglycine-Gln-Ala (Ac-PVYtQA-ACC), was prepared as described previously[@R38],[@R39]. Enzyme activity was monitored for 1 hour at 30°C on the Spectra MAX Gemini EM Fluorescence Microplate Reader (Molecular Devices) using excitation and emission wavelength of 380 nm and 460 nm, respectively. Hits were identified as compounds that reduced the initial reaction velocity by at least 50% when compared to control (uninhibited) reaction. The final reaction volume and DMSO concentration were 200 μl and 1% respectively.

### IC~50~ determination {#S15}

For each compound a 3-fold dilution series DMSO stock was prepared in a concentration range of 10 mM -- 0.014 mM. 1 μl of each compound dilution was added to 98ul of 1 μM KSHV Pr (wild-type or M197L) in assay buffer to give a final compound concentration of 100 μM -- 0.14 μM. Following a 30-minute incubation at 30°C, enzyme activity was initiated by adding P6 substrate to a final concentration of 100 μM. Endpoint fluorescence was recorded after a 1 hour incubation at 30°C (reaction progress curves were linear at the time of measurement). The final reaction volume and DMSO concentration were 100 μl and 2% respectively. The ratio F/F0 was plotted as a function of inhibitor concentration and fitted to equation (1) using KaleidaGraph® (Synergy Software). F and F0 correspond to the endpoint fluorescence measurement of the experimental reaction and the endpoint fluorescence measurement of the control (uninhibited) reaction, respectively. Y, M0, M1, M2, M3, and M4 correspond to F/F0, compound concentration, maximum endpoint fluorescence, minimum endpoint fluorescence, IC~50~, and Hill slope, respectively. All IC~50~ values represents mean values ± s.d. (n=3).
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### Inhibition kinetics {#S16}

A standard 100 μl enzyme assay was performed using 1 μM KSHV Pr in assay buffer. Final substrate concentrations of 80, 40, 30, 20, 10, 6, 4, and 2 μM were tested across inhibitor concentrations of 10, 7, 5, 3, 1, and 0 μM (48 total reactions). Initial reaction velocity V0 in units of rfu/sec was converted to μM substrate/sec using the conversion factor (2364 rfu) / (μM substrate). Double-reciprocal plots were fit to a linear equation to determine the K~M~ and V~max~. The ratio V~max~ / \[dimer\] was used to calculate k~cat~, where the dimer concentration was determined to be 0.26 μM using equation (2). K~D~ is the dimerization constant for KSHV Pr and E~t~ is the total enzyme concentration. Data represents mean values ± s.d. (n=3).
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Gel Filtration {#S17}
--------------

Size exclusion chromatography was performed using a ÄKTAexplorer™ (GE Healthcare) equipped with Superdex®75 column. KSHV Pr diluted to 5 μM in assay buffer (25 mM potassium phosphate pH 8, 150 mM KCl, 0.1 mM EDTA, and 1mM DTT) was combined with 30 μM compound and incubated at 30°C for 30 minutes. The final reaction volume and DMSO concentration were 200 μl and 1% respectively. Sample was then loaded onto a gel filtration column pre-equilibrated with 30 μM compound in assay buffer at room temperature. In control experiments, DMSO was used instead of compound.

NMR data acquisition {#S18}
--------------------

All spectra were acquired on cryoprobe-equipped Varian Inova 600 MHz or Bruker Avance 800 MHz spectrometers at 27 °C. Typical NMR samples used for the ^1^H-^13^C-HSQC dimer disruption assays consisted of 0.02 -- 0.03 mM selectively labeled with ^13^C-methionine wild-type KSHV Pr in 0.45 -- 0.50 mL buffer. Standard assay buffer consisted of 25 mM phosphate buffer (pH 8.0), 150 mM NaCl, 0.1 mM EDTA, 5 mM DTT, and 10% (v/v) ^2^H~2~O. Powdered inhibitor was first dissolved in d~6~-DMSO (Cambridge Isotope Laboratories) to create a 10 mM solution, then serially diluted to 5 mM, 1 mM and 0.5 mM stocks. Titrations were performed by adding variable μL aliquots of inhibitor stocks in a step-wise manner until 2 -- 4 molar equivalents were reached.

Sample concentrations used for the ^1^H-^15^N-HSQC backbone mapping of the monomeric KSHV Pr M197D-dimer disruptor interactions were 0.15 -- 0.20 mM uniformly ^15^N-labeled protease in 0.45 -- 0.50 mL buffer. Due to significant solvent exchange peak broadening observed at pH 8.0, NMR samples were buffer exchanged to 25 mM phosphate buffer (pH 7.0) using Amicon Ultra 10K Centrifugal Filter Devices (Millipore Corp.). Buffer conditions and titration methodologies were otherwise identical to those used for the ^13^C-methionine HSQC assays. Additional experimental details are described in [Supplementary Methods](#SD2){ref-type="supplementary-material"} online.
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![KSHV Pr dimer interface and helical mimetic inhibitors of KSHV Pr activity. (**a**) The interface of monomer A (gray) and the α-helix 5 of monomer B (blue) is shown from two viewpoints. The α-helix 5 (dark gray) and other interface residues (orange) on monomer A form key contacts with α-helix 5 of monomer B. Interfacial residues Met197 (gray and blue), Trp109 (orange), and Ile201 (green) are highlighted throughout the paper. The active site (red) is located 15Å away from the dimer interface. (**b**) Chemical structures of KSHV Pr activity inhibitors identified by screening an α-helical mimetic library. Compounds **2-8** are structural analogues of initial hit compound **1**.](nihms118481f1){#F1}

![DD2 disrupts the KSHV Pr dimer. (**a**) Wt KSHV Pr (5 μM) was incubated with either DMSO (dotted) or 30 μM DD2 (solid). Mixtures were loaded onto a size exclusion chromatography column, pre-equilibrated with running buffer containing either DMSO or 30 μM DD2 respectively. (**b**) The elution profile of KSHV Pr variant W109A (5 μM) in buffer alone indicated the absence of the dimeric species. (**c**) The overlaid ^1^H-^13^C HSQC spectra of selectively labeled ^13^C methionine wt KSHV Pr (23 μM) in the presence of 0 μM (red), 6 μM (yellow), 12 μM (green) and, 24 μM (blue) DD2. The spectra of apo protease (red) exhibited individual resonances for the N-terminus Met1 (M1), as well as the interfacial Met197 in the dimeric and monomeric states.](nihms118481f2){#F2}

![Kinetic studies with DD2 show evidence of mixed-type inhibition. (a) A standard enzyme assay was performed using 1 μM KSHV Pr with final substrate (P6) concentration range of 80 - 2 μM, across inhibitor concentrations of 10 (orange), 7 (brown), 5 (purple), 3 (green), 1 (blue), and 0 (red) μM. Double-reciprocal plots of initial reaction velocities are shown. (**b**) IC~50~ of inhibition by DD2 is higher for the tighter-K~D~ KSHV Pr variant. Activities of wt and M197L KSHV protease at 1 μM were monitored in the presence of increasing concentrations of DD2 (\~0.14μM -- 100μM). Data is plotted as the ratio of experimental end-point fluorescence (F), and un-inhibited end-point fluorescence (F0), as a function of increasing inhibitor concentration. The IC~50~ of inhibition were 2.6 ± 0.4 μM and 7.3 ± 0.8 μM for wt (dotted) and M197L (solid) KSHV Pr respectively. Data represents mean values ± s.d. (n=3).](nihms118481f3){#F3}

![^1^H-^15^N-HSQC titration data map the DD2 binding site to the dimer interface. (**a**) The overlaid ^1^H-^15^N-HSQC spectra of the monomeric variant, KSHV Pr M197D (170 μM) in the absence (red) and presence (blue) of 170 μM DD2 is shown. The zoomed region highlights the Trp109 side-chain indole NH (boxed). The full ^1^H-^15^N-HSQC spectra is included in [Supplementary Fig. 3](#SD2){ref-type="supplementary-material"} online. (**b**) Perturbed resonances from the titration study are mapped onto a monomeric unit of the KSHV Pr crystal structure. Residues are color coded based on the extent of peak intensity loss observed at the 1 molar equivalence titration point with DD2.](nihms118481f4){#F4}

![Monomer Trap model of inhibition by compound DD2. Inhibitor binding to a monomer of KSHV Pr directly competes with the process of dimerization, which is a required step in enzyme activation. When bound to interface residues, DD2 shifts the equilibrium towards a pre-existing folding intermediate, hence trapping the protease in an inactive monomeric state.](nihms118481f5){#F5}
